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ABSTRACT 

An experimental investigation of the internal ballistics of solid 
fuel ramjets was conducted in order to determine the effects of inlet step 
a inlet velocity and walt blowing on elow characteristics behind a 
backward facing step inlet. 

It was shown that the reattachment point (zone) moves toward the 
step inlet with wall mass addition at a constant inlet mass flux. Fora 
given step inlet, however, the leading edge of the reattachment zone was 
stationary with variations in inlet velocity. A point where the wall temper- 
ature and centerline static pressure profiles leveled off simultaneously 
was defined as the end of the reattachment zone. This zone spread out 
(grew thicker) both with increasing inlet velocity for a given step size, 


and with increasing step height. Maximum wall temperatures occurred 


downstream of the reattachment zone. 
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I, INTRODUCTION 


A research project is currently being conducted at the Naval Post- 
graduate School to develop a model for the internal ballistics of solid 
fuel ramjets. Such a model would provide the design engineer with a 
working tool that would permit performance parameters and operating 
characteristics to be predicted. The ultimate goals of this project are to 
develop an analytical model that can be used to predict fuel regression 
rate and blow-off limits and to experimentally determine the fuel regression 
rate as a function of operating and configuration variables. Very little 
experimental data exist that can be used in the determination of the adequacy 
of such an analytical model. | 

The means of flame stabilization in solid fuel ramjets was developed 
originally by the United Technology Center [Ref. 1] . They found that a 
rearward facing step at the grain inlet provided an adequate flame holder 
much the same as it does in dump combustors which use liquid fuels. With 
this step inlet employed, solid fuel ramjet combustors have two distinct 
combustion zones as shown in Figure 1. In the recirculation zone, products 
and reactants are mixed, and in the limiting case a well-stirred reactor 
may be approached. Downstream of the flow reattachment the boundary 
layer develops and the combustion may be similar to that in a hybrid rocket 
in which kinetic effects are dominant. 

Abbott and Kline [Ref. 2], Krall and Sparrow [Ref. 3 ], Boaz and 


Netzer [Ref. 4], and others have investigated the turbulent flow over a 
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backward facing step. Abbott and Kline found that the recirculation zone 
behind the backward facing step consisted of a complex pattern of two- 
dimensional and three-dimensional zones ending at an unsymmetric re- 
attachment point. Their investigation employed water flow through a two- 
dimensional planar channel. It was found that the location of the reattach- 
ment point was not influenced by varying either pipe Reynolds number or 
inlet turbulence intensity, but did move further downstream when the step 
Beiaht was increased. 

Krall and Sparrow also used water flow in their investigation of the 
flow through an orifice in an electrically heated circular tube. In this 
constant heat addition axisymmetric experiment, they found that the local 
heat franeier coefficients in the recirculation, reattachment, and redevelop- 
ment zones were several times larger than those for fully developed 
turbulent pipe flow. The maximum heat transfer coefficient occurred in the 
vicinity of the reattachment point. Their results were in good agreement 
with those of Abbott and Kline in that the location of the reattachment point 
was not affected by changes in Reynolds number. They also found that for 
small step heights, h, (weak separations or flat recirculation zones) the 
peak Nusselt number was a well-defined point, but for large sien heights 
(strong separations or thick recirculation zones) the peak Nusselt number 
spread out into a broad zone. This transition from a well-defined point to 
a broad zone occurred between h/D = 0.16 and h/D = 0.25, where D is the 
bie diameter. The peak Nusselt number was located between 1.25 and 
2.5 pipe diameters downstream of the initial.separation. They also found 


that increasing the step neight moved the peak point slightly downstream. 
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The results of Boaz and Netzer were in general agreement with the 
results of the above mentioned experimental studies even though air was 
used as the fluid medium instead of water. Visualization was obtained in 
a cold air flow througn a tube behind a step inlet by injecting a colored 
fluid aniscnere at the base of the step. Turbulence in the recirculation zone 
caused the fluid mixture to be broken up into tiny droplets which collected 
on the tube walls. Within the region of recirculation, the droplets on the 
wall moved toward the step face. The droplets were stationary at the flow 
reattachment point and moved downstream aft of it. Thus, the flow re- 
attachment points were visually measured for several step sizes and Reynolds 
number conditions. Boaz and Netzer reported that the reattachment point 
was axially symmetric for most Reynolds number flows. But at high Reynolds 
numbers, the reattachment point varied around the circumference of the 
tube, offering a possible explanation of the "spreading out" of the peak 
Nusselt number reported by Krall and Sparrow. 

All of the above investigations considered solid wall geometry with 
no wall mass addition. Jones, et al [ Ref. 5], considered the effects of 
wall blowing on the recirculation zone flow characteristics using a two- 
dimensional planar model with schlieren photography. Generally, Jones' 
data were in good agreement with the other mentioned investigators. He 
stated that the location of the reattachment point seemed very stable and 
unaffected by the wall blowing and/or inlet velocities from the qualitative 
measurements that could be taken from the schlieren photographs. 

All of the above investigations were for non-reacting flow conditions. 
Tests are required for reacting and non-reacting flows in a solid fuel ramjet 
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geometry in which flow characteristics (i.e., velocity, mass fraction 
distribution, turbulence intensity, wall temperature profiles, etc.) are 
measured. Reacting flow measurements are, admittedly, extremely 
difficult. Therefore, this research was concerned with non-reacting flow 
in which experiments were conducted in a realistic geometry to simulate 
a solid fuel ramjet with wall blowing. Air was primarily used as the 
blowing gas. Helium was used as the blowing gas for the tests in which 
mass fraction was measured. Helium was used with some reservation, 
since ina solid fuel ramjet the molecular weight of the wall species can 


be expected to be somewhat higher than for air. 
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TI. METHOD OF INVESTIGATION 


Measurements were taken in non-reacting flows for a variety of 
conditions using a pressure-jacketed porous bronze tube as the solid fuel 
ramjet model. Nominal test conditions are listed in Table I. Iron-constantan 
thermocouples were mounted axially on the porous bronze tube for measure- 
ment of temperature profiles along the wall. Velocity measurements were 
taken utilizing a total pressure rake and a centerline mounted pitot-static 
probe. 

One data set was taken to determine mass fraction profiles by using 
unheated helium for wall blowing. 

All of the data taken were used to determine the location of the 
reattachment point (zone) and the characteristics of the flow field. The 
results were compared with the work of previous investigators and with 
the PISTEP II finite-differencing computer solution for the non-reacting 


flow-field, which is currently under development. 
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III. DESCRIPTION OF APPARATUS 


A. THE BASIC SOLID FUEL RAMJET MODEL 

A schematic of the ramjet is shown in Figure 2 and the assembled 
layout in the photographs of Figures 3, 4, and 5. It consisted of a stain- 
less steel cylindrical jacket in which was axially mounted a porous bronze 
tube to simulate wall blowing from the solid fuel in the actual motor. A 
plumbing harness was connected to the external pressure chamber and 
supplied the input blowing gas as regulated by its own choked orifice 
device. When air was employed as the blowing gas, it was drawn off 
from the main air feed system and controlled by a pressure valve to its 
choked orifice, thereby allowing a constant rate of blowing gas. 

The main air feed system was powered by a Pennsylvania air com- 
pressor that provided air up to pressures of 150 psia. This air was fed 
into an air reservoir which could be directly supplied to the ramjet by a 
manually operated gate valve. When heated inlet air was desired, a 
Polythermm air heater was used to provide non-vitiated hot air to 500°F. 

The ramjet unit itself was axially mounted in the test cell immediately 
downstream of two pneumatically operated Jamesbury ball valves that either 
vented main air to the atmosphere or allowed the air to pass through the 
ramjet. A standard ASME orifice flow meter was used to measure the flow 
rate of the air to the motor. A manually operated gate valve between the 
orifice and the motor was used to provide the desired flow rate through the 


motor. 
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Line pressure and differential pressure across the ASME orifice 
were recorded on a Honeywell Model 2106 Visicorder. All twenty-six 
iron-constantan thermocouples attached to the porous bronze tube, and 
the iron-constantan thermocouples associated with the ASME orifice and 
with the choked orifice for blowing-gas flow measurement, were recorded 


on two Leeds and Northrup multi-print Strip Chart Recorders. 


B. FLOW MEASUREMENT WITHIN SIMULATED MOTOR 

Two methods of flow measurement were utilized in the experiments: 
a total pressure rake and a centerline pitot-static probe. The apparatus 
was also designed to allow the use of miniature hot wire anemometers. 

1. Total Pressure Rake 

A total pressure rake was designed to axially traverse the 

porous bronze tube during test runs. Figure 6 is a drawing of the rake 
installed in the ramjet model. Plastic tubing connected the rake directly 
to a DATEX SP-101A Pressure Scanner powered by an SRC power supply 
model 3564. The pressure scanner output was measured by a Zero to 15 
psig Statham transducer andread ona DIGITEC D. C. millivoltmeter. 
This setup allowed rapid readings of the seven total and two static pressure 
probes of the rake. The axially oriented support tube for the rake was 
scribed for easy determination of probe location when inside the porous 
bronze tube. 

2. Centerline Pitot-Static Probe 


A pitot-static probe was designed so that it would fit inter- 
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changeably with the total pressure rake. Similarly, it was connected to 
the pressure scanner for rapid readings utilizing the millivoltmeter. 

3. Hot Wire Anemometers 

Miniature Thermo-Systems Incorporated (TSI) hot wires can be 

employed for velocity measurement in addition to intensity of turbulence 
measurements. The configuration of the hot wires in the ramjet model 
are shown in Figure 7. Figures 5 and 7 also show the hot wire traverse 
mechanism which was designed to determine the radial position of the 
hot wire inside the porous bronze tube. The hot wires are connected 
directly to the TSI calibrating instrument. A CALICO Series 8300 digital 
_ multimeter and a true RMS meter are connected so that DC and RMS 
voltages can be read directly. Additionally, a TEKTRONIX dual beam 
oscilloscope model R5030 is connected for visual observations of the 
hot wire output during test runs. Only initial checkout tests were conducted 


with the hot wires. 


C. WALL TEMPERATURE MEASUREMENT 

Twenty-six iron-constantan thermocouples were spot welded on the 
outside wall of the porous bronze tube. They were located on an axial 
line at points from a distance of one inch from the inlet end at intervals 
of 0.2 inches. The wires were bundled and fed through a Swagelock fitting 
access port in the exhaust plate of the ramjet model and connected to two 


Leeds and Northrup multiprint Strip Chart Recorders. Figure 8 shows the 
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schematic of the wire-to-tube connections. 


D. MASS FRACTION ANALYSIS 

Bottled helium was connected to the blowing gas inlet, instead of 
the Bore ike 2 air supply, for this test. The pressure rake was used in 
conjunction with the pressure scanner as before. This time, however, the 
output of the scanner, instead of being connected to the transducer, was 
attached by plastic tubing to a gas sampling tank in which was placed a 
previously calibrated hot wire anemometer. A vacuum pump was employed 
to evacuate the tank to a constant pressure of four psia. A choked orifice 
flow plate inserted in the plumbing to the gas sampling tank kept the mass 
flow rate approximately constant over the entire range of helium and air 
mass ratios. Changes in hot wire readings gave relative changes in 
composition of the entrained gas. The hot wire anemometer was connected 
to the TSI instrument which allowed direct reading of changes in gas com-_ 
position through the use of the CALICO D. C. multimeter. A schematic 
of the mass fraction analysis apparatus is shown in Figure 9. Figure 10 


is a picture of the assembled hardware. 
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IV. EXPERIMENTAL PROCEDURE 


A. FLOW MEASUREMENTS 

‘Prles to running all tests it was necessary to calibrate the flow 
measuring devices. The motor air flow rate was measured using an 
A.S.M.E. sharp-edged orifice. A Visicorder was used to record the 


\ 
line pressure, P_, and the pressure differential, A p, across the orifice. 


1! 
A ten-foot water manometer board was employed for calibrating the low 
IN P settings, and a mercury manometer for the higher settings. A Heise 
gauge was used as a secondary standard for calibrating the line pressure, 
Py . Air temperatures were measured with a thermocouple and were re- 
recording temperature and was checked for accuracy at both the boiling 
and freezing points of water. 

Line pressure, differential pressure, and line temperature were 
critical in the accurate measurement of inlet mass flow. Reference 6 


outlines in detail the procedures for calculation of mass flow rate across 


an A.S.M.E. orifice. The equation 


voi 
w, = 359 Kd Yall I Da 


where 
w = rate of flow (lbm/hr) 
K = flow coefficient, dimensionless; considered a constant 


for range of Reynolds numbers encountered. 
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d = diameter of orifice (in) 
| Be thermal expansion factor, dimensionless; considered 


unity for air. 


Y = net expansion factor, dimensionless; varies as h/P,- 
ho = differential pressure (in of H,0) 
ass specific volume at inlet side of orifice (t° /1bm) i 


is that used for calculation of flow rate of a compressible fluid through 
an orifice. 

A sonic choked flow nozzle, described by John [Ref. 7] , was 
used for controlling and measuring the flow rate of the wall blowing gas. 
A perfect gas with constant specific heats was assumed to expand isen- 
tropically through the nozzle. Operating on the basis that a converging 
nozzle will remain choked as long as the critical pressure ratio is not 


exceeded, the required blowing gas line pressure, P_, was computed for 


B 


each desired mass flow rate using the equation 


A if Sq £00. M) 


5 
M 
0 


where 
-m = mass flow rate (lbm/sec) 
Pe ~ Lesemvolr pressure = Pe = stagnation pressure (1b£/£t”) 
A = area of convergent nozzle orifice Gna) 
Ty = gravitational constant (Geman insieees) 
R = ‘gas constant (ft-1bf/1lbm-°R) 
T = stagnation temperature at the nozzle orifice (°R) 
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and 





Y+1 
£(¥,M) = CEsee Oo 
M=1.0 2 
where 
Ne = the ratio of specific heats 


B. SUMMARY OF NOMINAL TEST CONDITIONS 


Nominal test conditions are summarized in Table I. 


TABLE I 


NOMINAL TEST CONDITIONS 


Air Mass Flow (m, lbm/sec) 205 .07 a0 SiS 
Air Mass Flux (G, Ism//inezeec) . 039 BOSS .079 5 LUG 
Inlet Temperature (°F) 55 200 

Inlet Diameter (in) .500 .770 

Step (h/D) .303 195 

Blowing rate (%m) 10 10 10 7 o8 
Blowing choked orifice size (in) 082 (Air) . 143(He) 


Gr. PROCEDURES FOR COLD INLET AIR TESTS 

In runs 1] through 12 flow velocities and temperature profiles were 
measured for three inlet mass flux conditions. Both wall blowing and 
non-blowing tests were conducted using the large step size inlet. Al- 
ternating rake and centerline pitot probe traverses were made at one-inch 
intervals from the exhaust plane to the inlet face. Pressure scanner output 
voltages were displayed ona D. C. millivoltmeter and were recorded at 


each station along the traverse. The pressure scanner was calibrated 
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before each set of tests using a mercury manometer. During all 
runs, main inlet air control Ape crete were monitored continuously 
to insure constant mass flux through the motor. Wall blowing mass 
flow could be initiated or terminated at will by using a hand operated 
ball valve in close proximity to the motor. During the runs, the strip 


chart recorders were operated to obtain the wall temperature profiles. 


D. PROCEDURES FOR HOT INLET AIR TESTS 

In runs 13 through 26 flow velocities and temperature profiles 
were measured for four inlet mass flux conditions both with and without 
wall Bio These tests all used the small step size inlet. The 
procedure for this set of runs remained the same as for the cold inlet 


tests. 


E. REATTACHMENT ZONE MEASUREMENT 

During the testing of runs 1 through 26, it was discovered that the 
pressure rake outermost probes went through a "plus-zero" toa "minus- 
zero" zone at about the position where one would expect to find the 
reattachment point. The downstream edge was taken to be the point 
where the flow near the wail first moved downstream and the upstream edge 
where it first moved upstream. Sixteen additional runs were made with 
the pressure rake and centerline pitot-static probe, with the specific 


purpose of measuring this "zero-zone" for the four heated inlet mass 
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flow conditions. These runs were labeled Zl through Z16. Wall 


temperature profile data were also collected. 


F. MASS FRACTION ANALYSIS 

Once the hot wire was calibrated for measuring mass fractions, 
the procedure for taking the data was relatively simple. The total 
pressure rake was used in conjunction with the pressure scanner. 

The gas sampling tank was connected, instead of the usual pressure 
transducer, to the output side of the scanner. Thus, by keeping the 
gas sampler plenum chamber at a constant four psia to insure sonic 
flow through the choked nozzle inlet orifice, it was a simple matter 

to scan the seven total pressure stations and read the D.C. multimeter 
for hot wire output voltages. These converted directly into percentages 
of blowing gas. 

Only one actual run was accomplished in the test cell. The amount 
of bottled helium on hand, and the rate at which ten percent blowing 
helium depleted the supply, precluded further runs. 

Included in Appendix D are the calibration data and the associated 
curve for the hot wire used in the mass fraction experiment. A special 
calibration device was designed for this test and is schematically shown 
in Figure 11. Figure 12 is a picture of the assembled components. Pure 
helium and air were fed under pressures up to 300 psig into separate 


holding tanks. From the holding tanks, proportionate parts of each gas 
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were mixed, according to the percentage of helium desired, by regulating 
the pressure from each holding tank in consonance with the choked nozzle 
flow rate formula previously discussed. With a nozzle orifice diameter 


of 0.020 inches, the helium mass flow was governed by the equation 


m.. = 0.0000656 P 


He 
Aca 
where P and T are the holding tank pressure and temperature respectively. 


With a nozzle orifice diameter of 0.0145 inches, the air mass flow was 


governed by a similar expression 


m_. = 0.0000879 P 


air 
ir 


The known mixture mass flow leaving the mixing chamber was routed 
through the TSI calibration tunnel. A pressure tap on the tunnel wall 

was used to withdraw the gas sample. The gas passed through the choked 
nozzle orifice at the inlet of the gas sampling tank, which was evacuated 
to a constant four psia. The hot wire under calibration was placed in 

the gas sampler and connected to the CALICO D.C. multimeter via the 

TSI instrument. Therefore, as gas pressures were regulated according 

to desired helium percentage, the changes in D.C. voltage reflected the 
percentage change in helium. 

The error estimation for this phase of the research problem is 
complex enough that it warrants comment at this stage. The mass flow 
rate formula for isentropic flow through a choked convergent nozzle isa 
function of total pressure and temperature and the ratio of specific heats. 


In the calibration procedure, the total pressure and temperature were 
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static conditions giving a specific mass ow rate through the sampling 
plenum for each mixture ratio. When the sampling device was connected 
to the ramjet model, the total pressure was greater than for the calibra- 
tion because of the velocity head. Thus, for the same mixture ratio, 
the flow rate in the sampling plenum was higher. This could yield false 
percentages of helium. An error analysis was done for the case of two 


percent helium and the results are listed in Table II. 


TABLE II 


MASS FRACTION ERROR SUMMARY 


calibration ramjet test 
P. WAST joel 14.88 psi (due to velocity) 
T, 532°R 526.5°R 
Mite 0.000106 lbm 0.000108 _lbm 
sec sec 
V in gas sampler Dees ZAC) ib ake OFZ Si Omani 
2 sec sec 
E 4.208 4.210 
E 2.051 2.052 
%He 15.38 15.43 


... .32% change in %He 


It is noted that, although the helium percentage changed by less than one 
percent, the effect weil be much more dramatic if the ramjet flow velocity 
was increased. One possible method to correct this situation would be 

to cap off the gas sampling tank after drawing off a sample and then take 
the D.C. multimeter reading. This would eliminate velocity effects and 
make the hot wire output dependent almost entirely on the thermal con- 


ductivity of the mixture. 95 


a = A 
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V. RESULTS AND DISCUSSION 


A. REATTACHMENT POINT 

Much of the emphasis in this research study was placed on the 
determination of the location of the reattachment point for flow overa 
backward facing step at the inlet of a cylindrical tube with and without 
wall mass addition. Defining a Reynolds number based on the height of 


the backward facing step as 


mee Nin a 
Rea Pt 


where 
@ = fluid density Gibmy/ae) 
V = average velocity at the step inlet (ft/sec) 
h = step height (ft) 
Va = fluid viscosity (lbm/sec-ft) 


it was found that the leading edge of the reattachment zone remained 
constant for a given step inlet height for most Reynolds numbers. As the 
step height increased, the leading edge of the reattachment zone moved 
further dlermaehieein. The range of step Reynolds numbers encountered in 
this study are summarized in Table III. 

The results of runs 1 through 26 and Z1 through 216 are presented 
in the graphs of Figures 13 through 23. Data from runs 1] through 26 are 
tabulated in Appendix A. Thermocouple data for all runs in which tempera- 


ture profiles were plotted are tabulated in Appendix B. The data for runs 
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TABLE III 





SUMMARY OF RANGE OF REYNOLDS NUMBERS (STEP) 


Giiatbm 
WBN] 2 0.039 0.055 0.079 0.118 
in “Sec 


.303 (COLD) 107,300 141,700 Zou 8OQ 9  Sesos 
pelo om (CG @ le) 46,900 58,600 78,200 
.195 (HOT) 23,100 35,500 44,100 82 ,200 


Z1 through Z16 are tabulated in Appendix C. The velocity, temperature 
and centerline static pressure profiles for runs 1 through 26 are plotted 
on the graphs of Figures 13 through 19. The reattachment zones as well 
as the wall temperature and centerline static pressure profiles of runs Zl] 
through Z16 are plotted on the graphs of Figures 20 through 23. These 
reattachment zones are alSo superposed on the graphs of runs 13 through 
26 for comparative analysis. 

The results of the cold inlet flow measurement (runs 1 through 12) 
that utilized the large step inlet generally were in agreement with the sub- 
sequent runs utilizing the small step inlet. The fact that the recirculation 
zone extended through six inches of the seven-inch porous bronze tube 
length did not allow any practical analysis of the redevelopment region. 
The centerline static pressure profiles and velocity profiles did, however, 
indicate that the reattachment point or zone was located between three and 
one-half and five inches from the step inlet. The axial location where the 
centerline static pressure leveled to ambient conditions proved to be a 


good indicator as to where the end of the reattachment zone was located. 
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Figure 25 is a drawing of the typical reattachment zone pattern found in 
these tests. Since these tests were run without an exit nozzle, the veloc- 
ities attained with this inlet were excessive except at the very low flow 
rates. Although the recirculation region is relatively extensive, it can be 
noted from the velocity profiles that the interior pipe flow achieved fully 
developed turbulent flow at about the same location as’ aN subsequent 
runs utilizing the larger inlet. It was found that the wall temperature 
profiles for the cold inlet flow tests had little direct application to the 
ramjet situation. In these tests, inlet air temperature was less than the 
blowing air temperature. The noticeable non-symmetry in nearly all of 

the velocity profiles may partially be explained by the difficulty encountered 
in maintaining the designed dimensions in the rake itself and the accuracy 
of keeping it precisely on the centerline of the bronze tube. The pressure 
rake data have been plotted on the graphs according to the design dimen- 
sions between total pressure probes. In addition, the large step inlet 

may induce non-axisymmetric flow within the tube. 

The hot inlet runs, numbered 13 through 26 and Z1 through Z16, were 
better able to provide information concerning the reattachment point. By 
reducing the step size, the reattachment zone moved closer to the inlet. 
This was expected from the results of previous investigators [Refs. 2, 3 
and 4] , and provided a better means of interpreting the centerline static 
pressure profile as well as the more gradual development of the fully de- 
veloped turbulent pipe flow through the core of the model. Figure 26 isa 
drawing of the typical reattachment zone pattern of these hot inlet, small 


step tests. In almost all cases, the centerline static pressure and wall 
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temperature profiles achieved a definite leveling off point together. This 
was interpreted to be the end of the reattachment zone, the point at which 
pure pipe flow begins with its associated boundary layer development. A 
most significant point is evident from the "zero zone" measurement runs, 
numbered Z1 through Z8. There is an apparent difference in the beginning 
of the reattachment zone between tests with blowing and tests without. 

In all but.one case, the "zero zone" moved about 0.3 inches toward the 
inlet when blowing was introduced with the small step size. This happened 
at all mass flow rates tested except the highest, which showed a movement 
of about 0.2 inches toward the inlet with wall blowing. Interestingly, as 
inlet mass flux increased, the width of the "zero zone" decreased for both 
blowing and non-blowing tests. However, in both cases, the center of 
the "zero zone" remained fixed except for high Reynolds number where it 
moved slightly downstream. It is thought that the "zero zone" leading 
edge of the reattachment region can physically be described by the illus- 
tration in Figure 27. The reattachment zone spreads out downstream with 
increasing mass flux but the upstream edge remains approximately fixed. 
It is thought that this spreading out of the reattachment zone possibly 
results from the increased turbulent transport across the shear line with 
increased nent number. The fact that increased mixing across the 
shear line may spread the reattachment zone is observed by comparing 
Figures 13 and 16. The large h/D and its associated large step Reynolds 
numbers indicate a much more spread out reattachment zone than the small 


h/D. 
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In every case, the maximum wall tcmpedarune occurred somewhat 
further downstream of the apparent end of the reattachment zone as in- 
dicated by the simultaneous le veniny off of the centerline static pressure 
and wall temperature profiles. The point of maximum wall temperature 
varied from about 0.5 inches downstream of the end of the reattachment 
zone at the lowest inlet mass flux to about 2.0 inches downstream at the 
highest inlet mass flux. This phenomenon indicates that the point of 
maximum heat transfer is not coincident “orld the zone of reattachment 
and also is dependent upon the inlet mass flux. 

Figure 24 compares the data in this investigation with the data of 
previous investigators. The centers of the “zero zone” regions established 
by the results of runs Z1 through Z8 were the points plotted for the blowing 
and non-blowing cases with heated inlet air through the small step inlet. 
The extent of the spread out reattachment zone is indicated by the short 
dashed lines. The points chosen for the large step inlet employed are 
best estimates from careful profile analysis of the graphs of Figures 13 
through 15, and from comparison with the reattachment zone characteristics 
of the small step inlet profiles plotted on Figures 16 through 19. Although 
the evidence of this investigation indicates a reattachment region is more 
descriptive of this phenomenon (as indicated in Figure 26), the stagnation 
point as described in Figure 27 was plotted on the graph of Figure 24 to 
allow a more analogous comparison with the data of previous investigators. 

The unsymmetric reattachment points reported by Abbott and Kline 
[Ref. 2] are shown. Their work utilizing a two-dimensional channel with 


water flow showed the flow reattaching at different locations on each side. 
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They also reported a spreading out of the reattachment point with increased 
step height ae indicated in Figure 24. 

Boaz and Netzer used the Krall and Sparrow [Ref. 3] data for the 
location of maximum heat transfer coefficient to locate the reattachment 
point. The data of this investigation put it above that of Krall and Sparrow; 
if peak wall temperature was used to locate the Peat GHeaE point, it 
would be even higher. However, a possible explanation for this significant 
difference could be the experimental set-up itself. With heated inlet air 
and a cold tube wall, this study had a variable heat transfer along and 
toward the wall, as one would expect in solid fuel ramjet combustion. 

Krall and Sparrow had an electrically heated wall, which fixed the heat 
transfer rate and directed the heat flow from the wall. Another difference 

in results reported by Krall and Sparrow was that their peak Nusseit number 
point moved only slightly downstream with increasing step height, whereas 
the results of this study, along with the concurrence of the results of 
Abbott and Kline and of Boaz and Netzer, show that the zone of reattachment 
moves significantly downstream with increasing step height. 

Some additional comments are necessary concerning the experiments 
conducted in this study. For the non-blowing tests the porous tube had a 
stagnant plenum surrounding it. This may complicate the temperature pro- 
file somewhat when compared with a solid tube wall. In addition, the 
apparatus used in this experiment provided wall mass addition with practi- 
cally no pressure drop across the tube wall. Thus, an approximately 
constant pressure plenum was supplying wall mass addition into a tube in 


which the static pressure increased in the direction of flow. This 
31 
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experimental condition would cause non-uniform blowing with more mass 
addition in the recirculation region than downstream. This is not charac- 
teristic of the solid fuel ramjet where mass addition is less in the re- 
circulation region. However, the temperature profiles with and without © 
wall blowing are quite similar, indicating that the non-uniform wall blowing 
had only small effects. Future tests should perhaps be conducted with 

the plenum divided into segments in order to provide more realistic ramjet 
injection rates. An apparatus using oe construction is currently being 
used at the United Technology Center. 

The Krall and Sparrow data indicate higher rates of heat transfer in 
the recirculation region than downstream of the reattachment zone, where 
the boundary layer develops. However, in the solid fuel ramjet in which 
chemical reactions occur, the fuel regression rate is a minimum near the 
inlet and increases to a maximum somewhere downstream or near the re- 
attachment point. Interestingly, the temperature profiles obtained in this 
study follow closely the fuel regression profiles obtained in the solid fuel 
ramjet. 

Jones, et al [Ref. 5] , using schlieren photography analysis of air 
flow through a two-dimensional channel, experimented with wall blowing 
and found no measurable ditSrence in reattachment point location between 
blowing and non-blowing conditions. The present investigation, however, 
showed that a small, but significant shift upstream occurred with wall 
blowing fora constant inlet mass flux. 

The results of reattachment point dependence on step inlet size for 


PISTEP II [Refs. 8 and 9] , the computer solution model, are also plotted 
32 
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in Figure 24 for the no wall blowing condition. PISTEP II, like Jones' 
data, predicts little effect of blowing on the flow in the recirculation 
region and the reattachment point. The results of the initial PISTEP II 
calculation did, however, show that the reattachment point did move 
toward the step inlet only slightly with as much as fifty percent wall 
blowing mass flow rate. Current work with PISTEP II in which more realistic 
boundary conditions are employed may indicate different results. 

The expected uncertainties in the experimental results were calcu- 
. lated using the error analysis method of Kline and McKlintock [ Ref. 10]. 


The calculated uncertainties are summarized in Table IV. 


TABLE IV 


ERROR ANALYSIS 


DEPENDENT VARIABLE FUNCTION VARIABLES % ERROR 
m mK,d,Fa,Y,h ,P.,2.) 0.84 
wr WS 
mM, mp(P,,D,T,) 1.75 
G G(m,D) 203 
Re, Reg (Pg, Ty, E Vg ch) 5578 
Vv v( AP,T,P) 74 33 


B. MASS FRACTION ANALYSIS 

Due to the limited amount of data collected for this phase of the 
investigation, no definite conclusions were drawn. The mass fraction 
data are tabulated in Appendix F with the results displayed on the graph 


of Figure 28, It is interesting to note the unsymmetrical distribution of 
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helium at the locations sampled. This is indicative of possible strong 
three-dimensional transport. The apparent centerline of the helium 
distribution is below that of the geometrical centerline of the tube. 

In the lower half of the tube the high percentage of helium is at the 
wall and decreases radially to a constant value. Axially, the helium 
percentage increases with distance from the inlet. In the upper half 
of the tube the radial distribution behaves in the same manner as the lower 
half. However, the helium content decreases and then increases in the 
axial direction. As unsymmetrical as it may be, there seems to be 
a definite pattern to the helium distribution. Both the upper and 
lower patterns are indicative of wall species accumulating from boundary 
layer blowing and possibly fron helium escaping the recirculation zone. 
Note that all stations sampled were downstream of the reattachment 


point where the boundary layer was developing. 
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VI. CONCLUSIONS AND RECOMMENDATIONS 


The primary goal of this investigation was to generate a sufficient 
amount of accurate reliable data that could be used as a basis for modeling 
the solid fuel ramjet. The PISTEP II computer program may now be modified 
through proper choice of boundary conditions to more accurately analyze 
the recirculation zone and the behavior of the reattachment zone. 

During the process of collecting and reducing the data in this investi- 
gation, the following conclusions have been drawn: 

(1) The leading edge of the reattachment zone, idealized by a 
pseudo-stagnation point, is upstream of the point where wall temperature 
and centerline static pressure level off. 

(2) The leading edge of the reattachment zone does not move with 
variations in inlet velocity but the zone itself spreads out with increasing 
inlet velocity. 

(3) Wall blowing moves the leading edge of the reattachment 
zone upstream. 

(4) Maximum wall temperature is located downstream of the re- 
attachment zone and the wall temperature profile closely approximates 
the fuel regression profile in an actual solid fuel ramjet. 

(5) With approximately 10% blowing helium, the mass fraction 
analysis showed the average helium close to the walls was about 12%, 


and around the centerline about 6%. 
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Recommendations to be made are as follows: 

(1) Modifications to the gas sampling tank used in the mass fraction 
analysis are required to avoid errors induced by total velocity head. 

(2) Modifications to the plenum chamber which surrounds the 
porous bronze tube are required so that variable external pressure may be 
applied to yield an equalized wall mass blowing rate inside the motor 


model. 


36 







getter? aan gilt nul Dest ares poittGonas ney oats 


ay 
ef! ebnuoviys doldw yedmaede mumalq ani.of : ancl ie 
aid Yoni sneer laneixe sidsiver taq7 oF Dbotlupes os ‘adw 8 aS 


r- 
otom os) ebisn! sin paiwold ceem Law bostigops aa B. 


7 








Sian CLLO°  O2° YK On sie l 
Oel WAL0e = OL evil © wire 6 9 
O61 69Z0° Z9°PI Z- O€° 61 S 
Z1€ O° LSP Vil 8- 08° os v 
00S vSZ0° 8é'Pl Oas COmcee Lick € 
vs9 Zvz0° I Pl oe Aa al A Z 
602 ZEZ0° S6°El Ly- L6°€ 8hZ T 
602 €€Z0° 86°ET Sy- Z6°€ 8rZ 0 6UZ02- sicele SS se 7en Olid l 
LEG OLL0° 89°PT I- Z€° €Z Z 
092 0440° Z9°PI Z- 9S° Se 9 
Z8e Coen rSev0 Ore OZR SZ S 
S09 OSZ0e" Oce ri GZ- 96°Z2 SBT v 
206 6ZZ0° O06°€T OS- OF°9 00% € 
€80I 80Z20° OS'*€T SZ- 96°8 09S Z 
Be€IT S690° Pz el T6- 04°6 909 T 
Cyl “600m ze cl 68- 98°6 919 @ — en@e gs SG 6002 = cose =Go = S eel mold Z 
O6T OZL0° 89°PI I- 0€° 61 l 
1vz 69Z0° S9°PI €- 8P° O€ 9 
19¢ GOO GSA ii Zoe 29 S 
©8S 6VZ0° 82° rT 9 hoe tai v 
v68 9Z7Z0° vest vS- 92°9 TI6€ € 
O80I vOZO° ZP'el os- ss8°s8 ¢ss Z 
Letl OGB8O? OPE 96- 7S°6 S6S T 
Vole S600. Lael 16- Zv°6 26S 0 FOO = Seas GS. Omeel sLOlld T 
os es og ous 
(Id) (WS) (WISd) (AIN) (ISd) (AWN) (NI) (INSTI) (do) (WISd) (INET) (ISd) (do) (WISd) aAdOud #NAY 
S S$ . : q dq qd ul I I 
A fe) d do dy 2d WS Ww uh d w dV L d 


VIVGC INANIYNSVAN MOTI ‘VW XIGNdddV 


37 











ét.s 

YO,1. Va 
8h, Of 
oc, ey 
@8.e dig 
6y.@ a0¢6 
ae.6 082 
fb.g #800) 
a&.%. 28! 
Of.f 24 
de. ef 
rc. Oo 
Te.€ Was 
Te.f OBS 
SS.€ Sif 
£0.£ ‘Si 
O08. Gé 
o£; el 
a e 
tf 7 








~ 


BO Mim mA oe oF ee Ot Oe OU oF 07 (a te Se 


o 
~ 
~ 
= 





be A 

yeh ‘ont “SD Oe) 
O92 
a00T. 


cu 


TV 


f. 


J iste 





+. 28 





— + wa 





86 WEE) — OVA 0) BO S 


SIGE AZO 0 Laaval 0) Ite Z 

6eT GAA Oe O Laval Q Su OT 
WEG (SISA AS) iil Gaon vd 
OSE PIEZO" — LS wit Bo UO SY 


Gai ASAD {37 il IN? WAZ SIC 
82S OSZ0° O€' tI SG= 9G G “Wir 
8900° SiS) ss SOSO™ — 451 ss O°6€t LOLId OT 


62S USZO™ Bis" iv ViGmeeO OC. acival 
$8 EO) (0A 71h @) ~~ SQ" v 
86 UAZO= Oe i7ih OF 80: S 
S21 WALO = SO Ones 8 
96T GZ0~ Aint G Gs 02 
LCE PLO AS-i l= teil SS 


IS? SAO ee Civanival i= SI" iO), 
SOS] SOSZOn —OCeen. SG SOG Gl 


vos UGZO = als ivi VE SOG OG SOSO m= eice Ss S°6et LOLId 6 


Sat UZL0 = Oeil 0) St 8 

6ST UZAO~ OL ial UG eT 
WAG S40. SS) S- Gir” 972 
SSE SVA0 = SNS 1 Gi O eso 


OPS WSVZ0)~ Sik UG= LEG Biri 
SISIG) Si7Al0) = IS) i We Wig {3 SUG 
T69 HEZ0- (0 vik CV OL Canoe 


OANMDTNMNONOANMTANONROANMNTNOON 





O60 =a 4o20. Om rL ty G§2°R SO” Z4800° 8S TZ. OOL0° Out SS OfGer awoke 8 

ous eo O48 Oas 

(Id) (WI) (WISd) (AW) (ISd) (AN) (NI) (INET) (do) (WISd) (INT) (ISd) (do) (WISd) addOud #NNY 
$ S ; q d q ul I I 

A fe) d d 4edy, AGW Tavis wi iy d = SAV L- d 


VIVC LNUWaUNSVAN MOTI ‘VY XIGNdddV 


38 





7 


Si 





= 
S 

~~ 

7 


7 * 
ae 












€ oa > al 7 ia r? 
at) tater) (Ms) (72%) {$*) _ laiza) g309¢ et 
fac toa 


om ap 














- : ; ae 
"Te @1.8 382 a ssag0,) 8t” «@ «OOvO, 8.1 22 0.8% toms sl 
See Gt,f--NEs tt | 
pE- BRE AIS . a 
{8+ té.2 Bh] : : 
ect ‘f @~ b6,1 20 > 
7 x ‘00, ee i wh, : 2 
NO. 7 OV eht see Ef ¢g 
= ENNG,” OF. FL o£. 4+ 7 
oc eter 46,8 6cf. © | ae. . e ; <a : 
Fe OE8f .26- a0.t ec j 
ES.84 Vi .ad.f $0! e 
js NP et S~ O6. gz ¢ 
—§e.8t. S$ Sf. -as > 
Othe 9 -£t,. 5 é 
oy.b! o 580, z a ; 
Ot .8f o 36. s 
_ SE.bi 9 SE S84. sat po -B900. 22 22 202 : 
Bh2 Get0. DEBI ts asin itt 
ete | SevG, Sb. b2 Tie OB] Fr! ¢ 
“028 . bato, “ze, di % £6.2° fa é 
SFIS <€0t0, 3.55. f-. 08. “as b 
@EF) ( ENTO, ONL BL O af. of z 
7 0 tie ¥ 3 
© TWO, OT.BE 90° BO, 2 : 


ei It, Ot. 
Be 





691 78S0° OZ*¢T 0 8I° Il Z 

wok  wISO0°- 2m © 61° Z1 9 

ZO aceS Om “Ove iE OQ 9° 9T S 

972 78S0° OZ PT Once vz Vv 

ros 18S0° 89°tI I- 8S° 9¢ € 

Geen G2S0e POeri v- OZ° VY Z 

CLE ASO? srw TI- 98° vS I 

Sim. e9Son Sern Zee 20st 29 0 VOLO2 WSL Bae Seis alone LI 

Cae SOCIO Over Ome Olas SZ l 

O92 CESO° Bei it Gir? 6Z 9 

662 z£90° ZZ°PI {2-19 Be S 

6S CEI0m CZ err Z 88° Ss v 

Ten. OC90e OZert Om Gel 67 € 

Tey. O£90° OZ4'PT Q® 9¢°% 62 Z 

Lig LEo0e Co =v G- PS°Il 96 if 

AS ESO? iv? 8I- 8Z°T ITT ©. BuO? GS $6 $660° Gace OE I€l LOLId 9T 

SEG  WeSO?— (A ?ivit ©  iwse ie l 

Gu. CoO OVI Om Ors Sz 9 

640. 7ZeIOs O21 @ Be €€ S 

S1e BEOO? OA? \Al Ome Och Os v 

9Zb O0£90° F9°FT T= OGeL LL € 

Gap 9290. TS=rt OI- zS°l S6 Z 

88h 72290° 9° PT Ci 09=1 | OOL I 

90S S190° O€°rT G72 OL°R  O0i 0 Z660° 6°Z g9T I€l LOLId ST 

See gt ogs oas 

(Id) (NGI) (WISd) (AWN) (ISd) (AW) (NI) (INET) (do) (WISd) (WET) (ISd) (do) (WISd) aGdOud #NAY 
5 S$ -§ ‘ dq q q Ut i I 

A d. aq at at? NARS wl at d wu =dV L d 


VLIVG LNANIYNSVAN MOTI ‘VW XIGNAddV 


39 








A oS a re : ; > 


ad a i | Pe : 
hx) 2") (area (MED tec) (s*) (ates) geoet @ 
C " ~ 2qz 7 






6 O00. 
i 
: 
E 
fe 
2 
6G 
. 
e 8ilG ne ce #?ec, e.2. OTZ IEf Orie 
ee i 
°F £ 
et ‘ 
zz b 
SE 2 
es a 
2é ; 
ree Seed, -e0, 57. S5-'tO,) Ta 0 gots $a : ’ sh envy c 
Bee Pied, Sebi ir Ge, Oe : 
Zee ofc. «bd, BL i 0%: Ab : 
‘$06 i820. 83.27 [=< @e, _. BE : 
oes. Shea, Ov b: oO 26, - bs e 
Gh See0, Ot.8{ . OG. 4h, a! 3 
re Loree © el. Af 3 
eas -S8C0.. 01,41 0 ar. fi ¥ 








Ol C209 OAL O Tl l l 

Gp WOOO"? OA Wi OE. 8 9 

DS OOO? OA Wl @ Oo Of S 

Zo = =2090e) OL er © He ST v 

700 COO? O27 On Gels 04 € 

Goce 20902 “oon rl I- Ze° €Z Z 

SiZ 0090 Omi w= wire — Oe T 

C22 LE80° 29°in 8- 8v° OF 0 8900° s*T9 BQ GEO?” 722 S° CBr Zl LOLd vz 

it 090s Oar ©  eO2 S l 

vou = 20902 OLarl @ O° 6 9 

Gal = 3090 OFmiIE Ogos eee S 

Tal = acO90s Oat 0} 6: Z1 Vv 

v0Z 72090° OZ*PT One Ace LI € 

ae UOC? Ulivi Ge Wo? IZ Z 

Zvz. 86S0° Z29°rT G- ge" vz T 

SoZ 9650" 9Serr 6= Sip 8 0 6670" wSZe 5 00 SaLel Olid €Z 

Col OCS0n OLmrE Onenice el l 

961 O8SO* OZ‘PT © Wee ST 9 

O77 08S0s OLarE Q 682 O¢ S 

oz. OSS0n Ceeri te Gyo _@? v 

Ge OCs. Overt On coe 6E € 

Lye 6£50° Z9°PI ga Of? LV Z 

LS GLGO? US 8- 98° 9S I 

90h 69S0° €P'rl Li Oot. 69 One 7800. z9 i/o SOOWO ne sys ale Ge7 Pel LOLId 8T 

jag og oas 

(Td) (WI) (WISd) (AW) (ISd) (AI) (NI) (WAT) (do) (WISd) (INET) (ISd) (do) (WISd) AdOUd #NNY 
S Ss , qd dq q ul I I 

A 0 d di dV = dv vas UW ib d Ul dy at d 


VWLIVG INANAZYNSVAN MOTI ‘VW XIGNGddV 


40 





eacocoe.tiasTocSse 


vers 


ee 








mH 


7 


0 
t 
$ 
¢ 
i 


oh OF @ Gi ae! & oF os & 4 CO 


4 oS eo 


- 


THO0 


1% 


o 


4). (ur) tea) f°) 
aoe 





> 82, 


-_ 


a 


ao & oe 


we) (129) 





eS 


a 


wae 






oo. et on’ a. sOTIe gt 


a] 
(3 
i 
Y 


cel se! 








S6€ 7ZS0° 89°FI T- 96° 09 l 

Oey  CLSO0° Gail i Ay, 9 

WOS CLS0° O22 Hi i). JS? BE S 

LES  TEO? L9°VAl = Cree UST v 

i= 9950s =cSari Li 0S26. = Gike € 

wee) OSSO°  eerivit V2- 80° SSz Z 

688 8€S0° Zz8°él SS- 8S°P 982 T 

GSE BRSO°. Be OL 98- OI°S 6I€ ®  ALito® 19 S6 ike Big? SoCs 9ZI LOLId 92 

ase SLE0° 9° ivi I- 82° 67 Z 

Ge 94S" OL 0 66° Z9 9 

Z78vp. vZsO0° S9'°PrI €- prt 06 S 

609 zZZS0° 09°PI 9- 62°Z €PI v 

Sirf §OSO° Siri De WPS CRY € 

12 S9SO° AZrrwit GE= B07 SC Z 

968 eso’ €9°€L L9- 29°P 682 T 

OG  VtGO? CL°oCL 86- SI°S Zze 0 Cile oia Oe SZI JLOLId SZ 

o3s gt oes as 

(Id) (IN@T) (WISd) (AW) (ISd) (AW) (NI) (WET) (de) (WISd) (WET) (ISd) (do) (WISd) dgo¥d #NAY 
$ S$ : 4d d q uy te, I 

A 0 d de dV gd, (a: WiES UW L d Ul dy, if d 


VIVG INANZUNSVAN MOTI ‘VW XIGNdddV 


4] 








e 


qs 


















at [~ 
(May (et fs 
Ogz 
; i. #0 tf tom tw 
t F 
a 
é 
3 
t 
0 7{ fa, 13 <e of oh. % 2.ef? ye porn - ra 
a0. t,o! ‘+ gk: 8 


~ aso. Sa. ht f{- (2,8 ° e@F ; 
‘S326. {o.b! S- $4.5. fai > 
£03 E320, Gt.b 0 »%Z,f-'8e 2 
"ORB ETO, St. b1 fv Si,ft 20% a 
eee S020. 82-4 f- 35%. Oa ‘ 








eZ- ia 9 ZI 

ZSL0" ez- 8940" b- 990° 9 il 
old/NaT ae) ohd/W8T > 0 ohd/NET 7 3 2 OAS/INAT ZTI0° _ 
d = OET a 6 OLT 02" CT az fees 
ae» 16° Ze 922 Zp" 92 STZ ge" we wisd $6 “d 
69S we YO 166 jet ene S6z ZL" qe. Ss O3S/WAT z001’ we 
Itz Slt 192 ZLb 18°I SIl — €ze 98° iS St Isd £e°7 dV 
sos It*z zel BLE gI'T vl 8L7 19" oy "e ice 
= ven 0ee ou a aCe gl - 2 wisd s‘6zt ‘a 
= sZt et" 8 091 IZ" I exey p # unY 

9T- te S ZI 

8SZ0° QT- 0L20° ii 8LL0° S II 
old/INET * 9 old/NaT * 0 old/INaT : 0 ea oas/weat .. Su 
- 6Z1 a 6 Z9L 22" ey a aT, 
9£2 OF" 6Z S0z ve" 1z 681 o€° 6k: #9 vISd es 
6Lb 06'T 6IT Ste 68" ZS vez 0S" le 4c 48/8 6660° 
18S Z8°Z SLI Z9€ OL'T 69 857 95° Ge °F tsa 962 aV 
Zep vS'T 96 soe gL" 6b vez QP" 6a ee ioicg ot 
LLT 97" QT o8t hae LI 691 02" eT 82 wisd e’zet ‘a 
2 6z1 aa 6 z91 Be: i= “1 exey ¢ 4 uny 

(Sdd) (ISd) (AW) (Sdd) (ISd) (AN) (Sdd) (ISd) (AW) 
Ge ey hay. A dV dV A dV dV 
\ sayouy Pp soyouy S SOYOuUy 9 WLS 


N 


8, acs 

















v- Z S Z1 
8920° v- DLO? Z SAO? S II 
old/INGT 70 old /INET :d od /INGT # fe) 25 OdS/INAT $2800° a 
sé 90° v SZI Sis 8 621 ae 6 i do 09 
OO we v1 TST 61° Zt Lvl gt" Il 9 visd tz “a 
Ls €8° ZS S0Z Ge" CG Z9OT Eee vI S O3S/Wal 940° 
LLE 8I°T vl L2z ev" LZ OLT ee SI v ISd 8I°l dV 
682 69° eh 961 ze" 02 IST ail a de So 
SZI ate 8 O€l vi" 6 SZ1 Sis 8 Z wisa set ‘a 
- SII Il° Z SZ1 Sls 8 I exeY 9+ UNY 
8920" r- ZLL0° I SLL0° p Zc 
old/NGT 79 v- ohd/NGT ie) T ghd /INGT * fe) v a s 
d OIS/INGT 7. aul 
Se 90° v Of v1" 6 STI Il° /) i} do aT 
6ST tz? eT 61 QI" O1 SZ1 Sis 8 9 WISd = 
682 69° eV Z81 6Z" 81 Lvl SI" Il S O4S/aWI SIzo* | wu 
Zee 16° aS 1g 18° €Z 6ST iia ei v ISd 81°T dV 
092 gs° Se O81 Nee LT Bel QT" OI € ioSe or 
SZl ere 8 S2r ele 8 6Z1 vi" 6 Z wisd s‘ret ‘a 
$8 90° v ati Tels Z 621 v1" 6 T oxey S# UNY 
(Sdd) (ISd) (AW) (Sdd) (ISd) (AN) (Sdd) (ISd) (AW) 
A dV dV A dV dV A dV dV 
SoUuoUl P soyout S Soyouy 9 WLS 


43 





- 8 ad. b bfi Ei! p ae | 
SPMad s 9 oo er / % iN a 


Ba%0. a- et 


- 
‘ 
”? 





1220" 0 LLO 1 210° zZ ZI 
old /NAT ? fe) 0 old /INAT * O 0 oid/N@T 3) Z IT 

7 Sq 938/weT 900° *u 
09 £0" zZ vol 60: = G55 86 80° S lL i, oe 
a 2 0° y O1T Or? SC 86 80° S 9 wisd $s “a 
LET age g1 ert nie SOR se Tite L S O4S/INET soso’ 
plz ge" v2 SST Oz" Sel Sit It’ L y Isd $9S' dV 
OLT bz" ST Srl ai SO Olt OT 9 € fee 1. 
86 80° S Ol Oe = Ok 86 80° Chee az wisd s‘set ‘a 
09 60" 2 Z6 10° Sy 86 80° S I axey ZI # uny 

0 I Zz ur 

1ZL0° 0 ZLL0° 0 ZLL0° I II 
ola/Inat * d oid/WET? Q ola/Nat : Fi O3S/NGI st 
6p z0" I Z6 40° Sh 26 40° oop = Z do L 
oy S0° ¢ wr oo 899 2B noe = wISd a 
O8t 19° LI vel an 8°R yOl 60" eg = G O3S/WAl 90S0° wu 
y1Z ge" v2 LLI 92° SOL Oni Ot" S97 Isa ses'o dV 
OLT v2" ST OEt vL" s*8 vot 60° 595 6 Teche 
86 80° S POT 60° Guc 26 40° Spree 2 wisd get ‘a 
6p Z0" I Sg 90° g"¢ 26 40° Gp exeY TT # uny 
(Sdd) (ISd) (AW) (Sdd) (ISd) (AW) (Sdd) (ISd) (AW) 

A dV Ve IN ACN re A dV dV 





’  sayout 7 SOYOUTS Sayoul g VLS 


44 





“TT Mal: 9 
stvo. 


a 


FR 


ISS\ME BOS2 
7 
3 3 
127 F5e. 
‘ « 





etek if $i 








89Z0° S- 
ohd/INAT 6] oHd/NAT § fo) old/INAT : 0 e- O4S/INT 8900" = 
- ie 12 -E 
| $8 90° y wisa ss “a 
SZ ee: ee O4S/WaT soso’ 
Tee 16° LS Isd $es° dV 
972 os" Ie ies a 
Sg 90° y visa s‘set ‘a 
- axey ZI #unY 
@= 
£940° v- 
oH/INaT ° ro) ohd/INaT Pe) old/NAT * 0 48/1 a 
= fis L 
= wISd pe 
1SZ GSE G* Ze OAS/INET 90S0° wu 
Hee dee 9278 Isa sesto dv 
9r2 O52 sone a, Sees 
26 Lo ey wisd get ‘a 
exeY TT # uny 
(Goa) isd) = (AN) (Seq) | (isd) (AIN)e= (Sada) (isu)y (AN) 
A dV dV A dV dV A dV dV 


\ 


soyouy T soyout Z SOYOoUT € 


45 





t 
Ti\Mal 


(Sil = val 9T cl 


€$90° OT €$90° Il Z990° : el ie 
old /INGT > Q ohd/NET 70 ghd /INGT 79 oF ‘ OFS/INGT 8110" = 
661 82" SPs O1Z Te" S° 61 ACG See S°0Z Z do SS 1 
SGA oo —(RG2 S*r2 SEZ 6E" S° PZ 9€Z 6° S*vZ 9 wisd s6 9a 
BEE 18° s*os 262 09° S°Le L9Z os* S°Te S O4S/INET 9001° | 
Dis OOmie = Sigc9 STe OL" S°eP ERG Se S*ee v Isd 06°72 dV 
eee 8L° S°8P L872 8° S°9E L9Z os° S*0€ € Te 9ST ed 
Ze 8e° ce 922 ge" S°22 022 ve" S*1z Z wisd tet ‘a 
I8T see S*yl 661 BZ" S° ZT LOZ oe° S*8I T oxeY pl # uny 

8 OT ZI ZI ; 

$s90° 9 9S90° Z £S90° 6 Wie 
gld/INGT ae) A ohd/INGT ae) old/INGT ire) 25 OIS/INGT ‘ it 
rst v2" ST 661 82" S° ZT 902 oe° S*8T l do L 
61Z ve" 1Z 612 ve: S°1z 9TZ ee" S°0Z 9 WISd aT 
9ZE SZ° LY 912 vs° S°ee evzZ CP" $°9Z S OdS/WAT STOT’ ar 
6SE 16° LS 962 Z9° G°8e LSZ LY" S°62 v ISd 06°27 dV 
Ze 69° eV TZZ S° S*Ze Ov tine S*Sz € peel 
E22 Se" ae 91zZ ce" S*02 902 Oe° S*8T Z wisd zet ‘a 
ZZ1 eo €1 88 GZ" g°ST 161 92° S°9T I exey el # unY 





(Sd) (ISd) (AW) (Sdd) (ISd) (AN) (Sd) (ISd) (AN) 


A dV dV A dV dV A dV dV 
soudul 7 souduts SOYDUT g VLS 


46 





ee 
920K CLS acd . 


Al2i 861-4 





= 
€ a* t2i. 7 : 
: OSa\ Ma) ao 2 
Ar 
a FIPS 7 
7 
> J. pr J 


-— 
o 
~ 
co 
ed 
. 
be 
= 
~ 
cc 
=? 
La) 
So 
i’ 
- 

i 

. 

7) 
~ 


| : £230. Ot R2au, iJ £250. 











Ge S ot 

0790" 9- 8790" ¢ 1$90° l 
ola/INaT ? 9 otd/INET #8 -ld/NAT * 0 0438/wal etto’ *u 
rs z0" I 691 O22 Gat do sg 4 
Lbz ar" S°92 8rz er" Lz Zz pe Glee wisd s6 a 
Szs Oect <ceene 7H byl 06 Z6E GON Geile O4S/WNET 9001° | wu 
97S IT Sol ear OL°T OR Toy ee 1 S68 Isd 06°27 dV 
Szs Gest = Ceeit coy, 0S‘T 76 266 Boor  ge20 in 961s 
aie BB" G08 Wild aR (3 ee 869 SPH wisd tet ‘a 
~ £6 90° r 091 are Goh @xeY pI # uNY 

ST- 0 S 

0790" ZI- 0S90° 0 S90" ¢ 
old /INGT 79 old /INGT! O old /INGT! re) OdS/INGT . _ 
: 0 0 0 Ipl a 6 Jo i 
61Z ee" S°02 0€z Le" 6Z €2Z Se 2z wISd a 
6S Set Goll Gur 6e't 18 ye vO'L S9 OAS/INGT SIOT’ wu 
27S goon SPA aa e9°T ZOl SCE 9e°I S8 Isd 06°27 dV. 
gts Gee | cocnT = ecr, byl 06 Oe Zo°T 19 iG ce 
222 ve" S*1Z 022 ve" IZ 622 Se" 22 wisd zet ‘a 
- 0 0 0 9EI gL 8 exey eT # uNY 

(Sdd) (ISd) (AW) (Sdd) (ISd) (AW) (Sdd) (ISd) (AWN) 
A dV dV A dV dV A dV dV 
SOYOUT T SOUOUT Z SOYOUT € VIS 


47 


“O&W0 


Oo - c& 
' i 
wo 
” 
w 
on 
* 
vw 
pay 
w 
yng 


4. Ww 
~~ 
i+ & 
»-. © 
r ct 

o—, 
iw “ 
a 6a 
«) ore 


“ve 7. 
ae > 
i? v 
| _ 5° 
. 
— 
s 

> ad 

16 » , 
¥ € 
ee S 


re 


*? 


¢ 


in 


urs 


™” 
Fae] 


4 


+t 








\ 











9 / g ZI 
78S0° ” 78S0° y $8s0° g Il 
ohd/INaT! ) ofd/INGT ) oid/IN8T ¢ 3 oF O4S/INGT 2800° 2 
6rI ml (Sag 6yl pI° 6 6ST Ole Ot L do €9 1 
AV oe ORe Gant LT ‘ca 691 gt’ II 9 wiSd 14 "a 
gSZ am S*92 STZ 62" 8I S6l vo" ST S OAS/INAT 690° 
282 OSE Gute ZE2 ve" 12 £02 9Z° QT y IsdyeSc ted V7 
ye Ge: 8° O% 402 Meee Lt £81 Zor ral € Jo $22 ‘t 
£81 Gos Geer 69T ee Il 691 gt° II Z wisd zet ‘a 
9Z1 Ot’ $°9 vl ele g 6r1 v1" 6 I axe OZ # UNY 
Z8S0° v €8S0° S v8S0° 9 ee 
ghd/INGT io) v old /INGT ae) S old/WaT 29 l IT 
| Sa oas/nat ss Sw 
ZeT IT° l aa ee° 8 6r1 vI' S°8 i do ai 
PLT 61° ZI 691 8t° tT ol Aine S*Ol 9 wISd Gs 
evz es €2 £02 97° QT BLT ae? Giz S OdS/INGT 0020" at 
892 Sv" 8Z STz 62" 8T L8T aa Gen v ISd esl dV 
962 Ge" Zz S6I 02" SI BLI oP Sem 8 Jo $zz ‘I 
691 gt" Ta 091 QT" Ot PST cis S°6 Z wisd cet ‘a 
Zel eee i aa Ce 8 6r1 v1" $°8 I exeu 6T # uNY 
(Sdd) (ISd) (AW) (Sdd) (ISd) (AW) (Sdd) (ISd) (AW) 
A dV dV A dV dV A dV dV 
GensououriT SOUDUT S Soyouy 9 WLS 


48 





Ops hr 2.8 “pet 7 3 
- , TU\Mal-> FRAME: 3 “TMH 


Pie i] c a Ay 


sian 
mo 
fw 
oO 











¢- zZ S 
9450" 9- 1850" zZ e8so" S 
jld/Wat #9 old/N@T t 3 -ld/NaT : 0 048/WaT £900" *u 
: - 0 0 0 9Z1 On 9 Jo £9 SL 
el © Bee a L8I oz" ak esl TZ" el wisd 12 %a 
L6E 86" S°T9 Ove GL" Ly 90¢ 6s" Le O4S/WET 9690° wu 
10% 00° 3°29 ILE 98° ¥S cre GL" LY Isd €S°1 dV 
S6e 16" 5°09 Ore GL" Ly 867 95° Se Jo $2zz “I 
LS2 Ir g°Sz 961 02" ST 181 Ze" v1 visa zet ‘a 
> LS Z0° I SIT 80" S exey OZ # uny 
¥LS0° Be 08S0° 0 1850" zZ 
old/NaT ) OI- old/NaT i) 0 old /INET Hae) Z 
ois/nat ss. Sw 
= 0 0 0 SII 80° S ag ai 
ez Bz" S'ZI Plt aire ZI pLt 61° ZI vISd oe 
966 16: S*09 Zee 69° 6h S8z 1S" ze O3S/INaI 000° | wu 
B6¢ 86" S'T9 gse 08" 0s Lze 19° Ag Isd eS°1 dV 
266 S6° S*6S See OL" aa £82 0s" Ie ieceee 
re ee Gg oh ee cee er wisd eet ‘a 
: 0 0 0 ell 80" S exeYy 61 # uNY 
(Sdd) (ISd) (AW) (Sdd) (ISd) (AW) (Sdd) (ISd) (AW) 
A dV dV A dV dV A dV dV 
__ SOYOuT T Soyouy Zz Soyouy ¢ WLS 





49 








Bie 
ae 2.02 
2sAE 





g2é 
BS! 


i? 


‘tc 


octet eae 


rr 


bo 


$6S0° Vv 2 SISO) v 96S0° S cl 





oid/NaT ¢ fe) g oid/N8T fo) € ohd/NET? 3 v Il 

| Pa O4S/INGT 9900° *u 
SOT 0° S°P SII 60° g°s Sit 60° g°s l do €9 °L 
DS Ae g°/ LET Zi Sy ral ite s°9 9 wisd ss "a 
681 e@° S°PT 891 Bike Soi 8rT vib Sg S O4S/ET soso’ wu 
02z Te" S°6I fai 02° S* 21 8h Abe g*8 7 Isd 22° dV 
681 eZ" S*PI €9T - ice SHO chal ive S°8 € ig pl Gif 
Let ae Gop SZ1 Om = og SIT 60 cae Zz wiSd eI ‘d 
SOT 40° S°P gil 60° s°s vol AO? SP iy I exey ZZ # uNY 

Z € € a 

68S0° Z 68S0° € 68S0° € IT 
pee axe) | | old/INGT 6) old /INET fe) od OIS/NAT -: a 
L6 90° v L6 90° v Z1l 80° S ik do I 
ZU 80° S ZU 80° Ke ZU 80° S 9 WISd ay 
781 Uae €1 er SE 8 Zel ee Z S OaS/INAT £050" Tw 
Z0Z 92° QT 6h ae 6 Zel ie Z v Weisaye av 
89T 8° im Zel wee L SZ1 OT’ 9 € Becot aed 
SZ1 Os 9 Z1T 80° S 211 80° S Z visa cet ‘a 
68 SO° € 68 S0° € L6 90° v I exey TZ # unY 
(Sdd) (ISd) (AW) (Sdd) (ISd) (AWN) (Sdd) (ISd) (AW) 

A dV dV A OWE A dV dV 








Seyoul F SOYoUT ¢ SOYOUT g WLS 





50 


oy 


*Oes2 


= 


ByT\AL 

















T6S0° Z- €6S0° 0 76S0° € 

old /INGT ae) = old /NET aire) 0 old/NET re) Z 
94S/NaT 9900° *u 
= 0 0 0 L6 90° g"e Jo €8 SL 
Ome) 0 Tel ere L Let ge G7) visa s¢ “a 
£92 or" 6Z 962 2° 92 O72 Te? S*6T OFS/INGT soso’ | 
vLZ 8r° O€ $92 Sv" 8Z Lvz 6" S° Ve ISdiZ2 21d V7 
192 or" 6z 0Sz or SZ 022 reo SGI ie 016“ 
¥22 ze" Oz  ~—ssrt aa 6 Let ie oa) visa ect ‘a 
- 0 0 0 L6 90° Gee exey ZZ # UNY 

e- 0 T 

S8so° v- 880° 0 88S0° I 
old/NGT ae) oLd/INGT ir) olt/NaT ie) OIS/INAT = 
- - 69 0° Z do I 
6TT 60° 9°g L6. 90° v ZT 80° S vISd ay 
69Z QV" S80 Zvz KE? €Z 902 ee LI O4S/INGT ¢0S0° 
697 97° S°8Zz 1SZ Or" SZ Sez Cea ZZ ISd 42° dV 
692 Or" S°8Z Sez ge" Zz £02 97" 91 ie 912 
981 2z" S*el ral eT g Zel 11° l visa eet ‘a 
- - Se Z0° I exeY TZ # uNY 

(Sdd) (ISd) (AW) (Sdd) (ISd) (AW) (Sdd) (ISd) (AN) 
A dV dV A dV dV A dV dV 
SOyouy T SOUdUT Z SOUOUT ¢ WLS 





51] 








onset 1h © ct 








“e et eee ' AIZV RE! 44 

> A - 7 =. _ - _ a 7 “s. = 

| 2 a | oe a) a a! OF oe 
5 : i = Tes pase 
€.8% ics i ét e£5 ck. $e 199. Sk tvs) & 


2,3 REE et. és AO cs; Je AG. C040, © 
2.2 fe .- ev, * ry & “A 4 Ales < 


@ FED . S- E220 ; - 2D 


(00L ¥ AW) 258370, T 
ms v € 2G I Q 
: aj 

I 
€ 
S 
Z 

(AW X 9°T = ISd) 

e 

z BAIND UOT}RIGITeD 

: 6 


' OINSS9Ig *SA aHei{OA 


VW xIpueddy 


(ISd) 


9 eINssdaig 


OT 


52 








VIL OG wei Yor LOL BBL USL OB COG CO% ASL AS Sih Slo Wii titel WS NSIS SE SIS AT tas 972 
Qt OGL PAL-7El Wl CBE USL OBL COC COG ZEL BSL OS" AGL Gil Blew GAS Sis) Wi SEE is sss SZ 
Wl OGL VLE vOt WL Il OSt OS! OG COG Zel Gal AS Gli OG Bie uA SIS Si i A te v2 
Woh Gt Lat ole lomeGek (ol Ost 10m 6OG Ac ool 25 Gol Tol Bel va SS) SS PS 7S 7S EZ 
OT Ot SAt vob COL GOL US US TOS GBO~* Ast WGN AS GIN Wel “As AS SiS) Mis a) VA cos CZ 
Ve OGL GZL vol Gu COL UST Ul WOS GOS Asi OGL Ql Gol Wa" AE WS IIS iS is) tes as TZ 
GQe OGL SZ wer Col Bl US Tt WO¢ CO4 SEL OGL YS Gol Wa ew WAS SIs iS is) te is 02 
S8t OB SZ wl COL GOL GS Ws 104 COG Wivk OB WS GOW WGI ish AS SIS is iS tes; 1 6T 
Sr OG SZ vel Col SBt wSl Wel 1OG 4OG Gil WB ASI OB Gail= Sie AS GI is As as) (0S ST 
Soi OG =o Al sole COle OO = Cob enol OO 0Gucavie Oo ASe SiOls hck ele yGecige 7S 75 CS. 605 LT 
Cole OCs Al =VOlecOl Gol cc hol Obl —A0Cavy bol O9T cole sLal Sele ys @SS 75 7S eS =0S OE 
Gt OGL SZi wot COL GB WSl Wet VEL SOG Sivl OB Il AGL Lal Sel WA SiS iS AS iss (0s ST 
t@l Ol SZt WEL Wl Gl CSl L8l wer SOG Vir GBu OO AGL Gli Sie We SS Se is tes (os vI 
O8t OG8L @4E SG SSL G8l ZS OS Gok FOG Avil Bsr OY" AGE Wi Wen WS SS Sig is ts) (Os et 
SAGnOok C4 =cok OS Os Gol OGM OG IG 47 OSL OO Vel Slt Vel Vo SG SS 7S sa 0S él 
S20 Ol Zl Sol BSl GBl GST O89! Wak SOG Av GI OME VOL Owl ive We SS Se iA Ss ls iL 
[Ab Ck Gol con 9S G68l cSt OS G41 po Spl Gel ZSm Sol O7zl pel pS SS 9S 7S) SS TS Ol 
M9 BIL wt Zot WS GIL US OM WAL Woe Sivik An WG SL Gil is WS Sis Gs is) S)sy [hs 6 
rt Zt O8% Col GS OBL UST G4 BO iWO~6 iWi7l ASL AS SOL BW TAS WAT SS ss ids es iPS 8 
vt Ot CSc got USl Sl Cyl BZ Wk @Oe Sirk VBL Bri Gol Sil Bien ws Ss wis AN ws ~s L 
Hr Ot Sv gol Ov BOE Birt: ZZ YS WO~* Cirll WB Wi7h WO Gil Gish WAS SIS AS is iS) ras 9 
Vv Sl gv OGL Wl SEL Sv SAI Syl Og Sel SS GS GBl- WOU Gail WS SIS WS GAs wis 88s S 
Ser SOL SEL GB TW SO iwWyt G2h jvzb BOL 4ZEl Wel Sel GDSn SOL “aw iW SI aS GA Is (es v 
Seu SB cSt GBC Sr SOL wrk UZK GEE Bol GSl OA USE AB WOU Wwe WA SIS AS iA Ey SS € 
ael SRL Sel SEL BSL SAL Seu LOW vst SOL Sal wal Gel Wl AG Gl WA SIS 7AS Ay (is) 17S é 
SCC VWI OSE SI Vel USt Oeil WO OS SSL wel Wel Wal QA WS AS VS SS Ais isi AS I 
a 
T 
Sea S74 A BWA, GUIS ANA ON OG OG SG GG. GWG SIL A ASI IER) Sie hs ejdnoD 
OuuSsUy 


(do) GALLOId CNV NINVL JUIM VIVG JUNLVUIdNAL HOIHM NI SNNY 


WLIVG dTdOudd dUNIVUAd NAL *d€ XIGNdddV 


53 








ut oe 


gRi. IBi St bal oer Bei ysr tt! 
Sé¢ fof f€i al BEL er Bt STi 
acl cot cht isf. ek eet kr Ore fel 
fe, 2bf $87 EXL BEL. PRE Sel 38s Bt! 
OGf BM O4i GRY BY! SAI. fos eth: cai vei 
Sel Bhi GUL Bhi TYE oer KOS Sel ASP ape 
i Gat Ser ser t2t out ebr Bir fol SOS ber oes Bb 
fat Yel 001 SGI Sel GBf L2E OCT Hal LOS HeF “at SI 
= Sal esi dat. ser bef Pal i2r GSi. byt BOs she SOL BF 
SANE Bef eal Sel. ack CHI RAF GL err BOL epi wal ver 
Oer (Si fer wet eel Sci HGi- BS 205. Noe 08) Gos 
BYi Gel StI CGS Bef EB! Sel OW! @sl BOS tet eas Ot 
oe et Det Syf ter Gel ent sei O0t Sel ens *8i eH! a 
> 26l- Gel 28i Per - (61 O6f Fei (81 bert Bk Aol ei 08 Mei 8 
mee ser Der exe) hel fal E8f See 123 el. Sok Lei Get Sci tel i8f ef) ge 25 52 be € 


HS os ex ae = ‘ser 























meer OGL etl Bal Saf Cal Fel fer .0el GAs #8 Ges O4L Bel {kl ets Be ae eae 
i wena Oel Syl per SSL (en! Sci (Gi GOS SOS Stk Ges Vel Fel {2f stL #2 2S BS PERROOS ¥ 
an gal OPf 20) Ber Sek O61 Sal I6F 102 \OS-TPL cet Sti eff SSt aff BS 2c “2 ; 
wor OGL cyt BEL Sol Sci “Sal (ht £95 Ol (ot Gel Sel @€t m82 TEI be 22 Pe be 2 . 
7 eer DEL XT) Bot Ser Obl I4i [Fi IOS OOS Gti Oe Hcl ef ii TEL Fe te 
Sens OG! Ett Ser Sap tar ici ser sof GOS Sei Del eel eer Eke NEL) ee 22 be #2 : t 
. Ger OG Ci BUl 23i Gs féf [Sf BOs: GOS VEE Nei V4i Sel ter SE! ee Sx 2 $e : 
--eSl OGl BL-BeL Eek ebl L2i H8F BOL ENS SEL - eit Sal gers ber 5 a. 
eet OGL BSE BEL fab Pel -GEl O8f bOf goa VEL est S2i err Mi bf 2 e 2b } 


a 
= 


ees) OCE- ET[ BO 192 Gl fei Obl EOF COR Sli Pal dei Val er! Brl's 
= OBE DEL PIebeL Tol es fa) OBL COS, COS SEL Nai aed cei eli ATE Be 





OL° vl 0 i 

OL* rT 0 9 

OL rT 0 S 

OL°vI 0 v 

OL°?I 0 € 

OL°rI 0 @ 

S9°7l €- i 

09°PT 9- 0 16700° 79 OV S670e She 902 Leu LOLId OZ 

OL°rI 0 i) 

OL° PI 0 9 

OL°vt 0 S 

OL°vI 0 v 

OL° PI 0 € 

89° I- Z 

79° VI v- I 

AGI 8- 0 €670° SZ° OZ Tel LOLId 6Z 

(WISd) (AW) (NI) 

oa i HLS 
8I°Z Giisec 8T10° ss S6 L8vl° g°9 S6I Zel L@lide «=. eZ 
vy’ 2 8E°Z O6P1° 8°9 C61 Zel LOLId LZ 
Come S6°T 16600° ss 08 OO 00m v6l ZEl LOLId 9Z 
BE°Z GOAz Olle = 00e 68T Ze LOLId SZ 
60°Z 10°T €6900° ss 9S 8690° SPT SgT Tel LOLId vZ 
6E°2 DNB GE90° Sino ti O61 Tel LOLId eZ 
CU? 08°T S600" gs OV MSO? — rh S6I Zel LOLId ZZ 
9S°Z OU? w QinO° yA S6I LOT LOLId IZ 

Das oas 

AINO+ AIO- (N@1) (do) (WISd) (IN@T) (ISd) (do) (WISd) ddOYd +#NAY 
(SHHONI) ZONVLSIC TIVIXV Guy a, a w av i Ibe 


VIVG .dNOZ OUUZ. LNANHOVWLLVEY +O XIGNdddV 


54 





(area 
NGebr 


bd. S{ 
Be. hl 


“OCF! 
-OY.Sf 


OY. bl 
OF. 61 
09.481 
co. bf 
OV. es 
OF. bl 
OVS 
OT. Sf 
Ove! 
OY, bf 


a. f 
tL.= 
ta. £ 
Bae | 
26,1 
ae. 
ef.s 


Ata 


,vit) 


= Qt & 





| 


_» 2RRO0. 
eeaon. 
100, 


Gi20, 


FERC 


b3 





BRO at. ; 261 Pts TOrl9 a 
Gh. Sebo. bs, eel Str TOTS +. 5 
e@a0,- ay 1 eB; fer TONS Ss - 
2 8039, 28:1 ee] Lei ror A 
Hus. o0.€ esr. SEé&r Tory es 
OF BOT O0-€ pet Sti abs @) Ga 
Deh: . a cer YOT . 
ee sabi 6,0 ee sé hTr as 
mt 
a; fy 7 ’ ee 
ib ieho. 2° ane te! 


OL rT 
OL VI 
OL° rT 
OL° VI 
09° PI 
9S° PI 
96° PI 
Gia 
OL’ rT 
Chaatal 
Ghawl 
Ghar 
OL PI 
89° TI 
6S° rT 
8b Ul 
OL°vT 
OL°bT 
OL°PI 
OL° rT 
89° FI 
79° PI 
vs’ vl 
Iv vl 
(WISd) 


-— : 
POANMDMDTNONOANNTNONOANYDT NO ON 
ei 


ods ods 


(N@T) (do) (WISd) (INET) (ISd) (do) 


la a, ay Ww dv 


WLVG .dNOZ OUdZ. DNANHOVLIVEY +O XIGNdddV 


T 


OSGOme= scomc 122 


88900° €9 NE €S90° Srl vid 


SHOO™ — Ss 9172 


L 


ZEL 


SSI 


O€el 


(WISd) 


I 


d 


LOLId €tZ 


LOLId clZ 


LOLId TTZ 





qadoud + NNY 


55 








"> ba. bi 


BBB! 


a - OVE D 


Ov. ef 
OT. R 
OV SRL 
BboM 
CE. pI 
89,1 
OF. 67 
Sv. Sy 
rae 
sv h] 
Q1,£f 


ese ses 
4ee«ePe 


Jf, 61 
a2! 
AGP 


h< 

= 

0 
, 0 
i 


* 
e 


= -— = © -- 


co 


4 
"5 


— 
vO bs & 
t s ‘ } 


ooas 
-y; 


: 


3 


ae tv Fmt OA aw = 


7 
ql 






gf —“— a a 
Mey) (1°) fates): 


ct i - 


i= 7 ; 
et) -(e*) tered) 


ns eeensheeeiesteetas 














2 


78000, =¢ ad - £480, ch, | ars | Ak @'s din a 


as 


89°PI 
271 
OL HK 
OL° rT 
09°rI 
Ip‘ vl 
86° EI 
ZS el 
89°71 
OL° vt 
89°rI 
S9° PT 
6y' PT 
O€° tI 
78° el 
ASB 
OL° PI 
Gia 
ZZ° Ul 
OVA 
OZ* yt 
29° UL 
hi aaall 
Gav 
(WISd) 


-_—_ . = 
ZBlEANMNMNTNONOANMNYTNOONOANYDTNON OM 


T) 


ods ods 


(NG1) (de) (WISd) (WAT) (ISd) (do) 


a St os ay, 


VWLIVG »SNOZ OFZ, LNANHOVLILVIY +O XIGNdddV 


T 


cTlO° Lg) G6 Seiler Y 0272 


GW BS) © clZ 


78600 ° c9 08 GIC0 5 = come 8TZ 


L 


S*OeT 


SOLE 


Se Oe 


(W1Sd) 


T 


I 


d 


LOLId 


LOLId 


LOLId 


dd@Oud 


91Z 


STZ 


VIZ 





# NOY 


56 





2 


CaF Aw Tepe pe wel hilton cde ae me 


“yer 


7 £0. 





O°00T =, _O1xZz"e 
Caco = aOlreceae 
Sp, (OEY 
Ta6e | O1xol = 
Qe , _O1x00"F 
283, WIP" 
(1B, OTB eg 
6°ST , o1xss 1 
Sat ,OLert 1 
0 0 
(O5S/INST) 
2H% oH 


T- 


T- 


T- 


T- 


v- 


v- 


vV- 


T- 


vT- 


0 


OTXPL "7% 


OTXTZ°S 


OTXOT "8 


OTXZ21°8 


OLX7I 8 


OTXZT°8 


OTX1Z°8 


OLXZI'8 


OTXSZ°8 


(O4S/INGT) 


Ite 
wi 


89°C 


OcS 2 


6E0° 2 


ELE Z 


MUS” 


L972 


O91 2 


Z90°7 


SZ6°T 


t2zs 1 


(SLTOA) 


d 


el 


eZ 


eZ 


eZ 


eZ 


€Z 


eZ 


€Z 


eZ 


Laan eZ c 9S 


LeeGole el L°Cle 
Z£°OPt eZ G Ele 
Levit eZ hea SA 
ie WE eZ L°vlz 
v°0S EZ L°S1Zé 
TOP? eZ G ELS 

0 eZ ZL SIGS 


*JUNUINIJSU]T UOT] EIGITEO IST eu} YHnoIy} eHej[oA OC Ul sebueyo se paepiooel pue yue} Hbuljdwes seh 9y} Ul pejiesutl 


311M OU 9Yy} Aq pd9jOae}JEp 919M OIN}XIW 9Yy} UI WNTTEeY eHe,uUSeoJed 9y} UT sebueuD 
-][29 9} JO} WNTTOU puUe ITE SY} JO 931 MOTJ OY} HBulInseau pue Hul][[oIUoo IOJ pasn siaMm SaTzZZOU MOTj peyoud- 


oyuos ‘(Z *jey) peqyiosep ATsnoTAeid sy 


21 UOTILIQTIEO STM 10H 


"11M JOY SITY} JO uOTIeIG 


*STSATCUL UOTIOLIJ SSEUW 9} JOJ posn SEM ITM jOU VY 


d@ xj]pueddy 


3/7 








a _ 
- ae 
ap arty Boh — 


> 
a 


| ow gelzezon wok fis fs. 
— = 


- “ft . i _ 
— 


N nd cuties Gpeinendy oe nh BeMASTD.. -erhw tu! shit Ye noted 












wx ~ - 


ols ard 16 EE oct spool: systiov Od ni eegnsiiy e¢ babioser bas'Ansi pnihqads sey ott of batieen! 
a a oe a. : 7 - | “A 
rs Lae . . 
4 ; shy - ae . Ta 3 ait” on” a” va) 
a ; (9SE\.Ma.2) (27S\ Ma) ‘eT IGV) _{t*} (Aled) (i? (#227) 
7 ' i 
. . 4 6 “dises.B rie. ; ee care 
= 6.80 Oieht.1 Olxtt .B Test ‘ ; ti 
br Ofeze—2 "olatt.,4 $30.1 ee et ‘ 
en 
tuls Hiedl. rinVl oar.s : ay r af 
a = 
o.88 Ol : atti ie cA 
: b - 
6.€¢ Ot<00.5 *Dixd 3 pe: (06, “eye Fe 
A a 
Lt OLxel.2 Otte 8 c 
h- A 
_ o.Vb BERT > Ot ..2 feb 
fit OD txS2.t Prin rykt 5 0s 
Po 
: 0,00" -OSxtt 4.4 r 
a 





BAIND UOT eIqI[TeEO 


STSATeUY UOTIORIT sseyy 


J x1pueddy 


9H% 





‘ oi ae 
2 Piya as = = 
teylenA qoboe 
* 


svi noliandtisy 


oC 


LG 


0°72 


(s3[04) J 
Bo g°T L't 


N 


< 


-T-dIN # uny JoF eamnD eed 


sisAyeuy uoyjoelj ssel 


IN 


59 


eH% 








~ 
i 





Va" 
Av 
Ff 


~~ 






ps e 
/ ‘aS 
| } oa 
: - i 
eG 
a 
a ‘Oe 
| - 
| a 
if y. | 
wa ' 
iy q 
y ? 


Sod LO Wo Bt L481 Let 6S6°T Z 


O°r GOL ~ 2° i7 Cobel 1°9 JE YO 9 

Cue DEO B°%7 9EZ°T v9 96Z°I S 

£°9 GORE 6S O8Z°T 8°9 Z18‘T v 

€°6 CEB Bh Sie T I°8 9S8°T € 

ort @S6°r OO Wiert AAI — EGE Z 

S'Sr COs Bet ZO?” LO 08042 I 

(SLTOA) (SL'TIOA) (SL'TIOA) (SL'TIOA) (SLTOA) (SLTOA) 
2H% od; 2H% os 2H% ST oH% oe 2H% a 2H% a 

HONI T SIHONI Z SAHONI € SJHONI 7 - SAHONI S SAHONI 9 uo}}e1S 
: oes/WqT TTS00° 10S9 eisd gg 9es/wqt 10S0° -jsd 99° 1o8S - esd S°OET I-iIW 
+ UN 


VIVC SISATVNV NOILOVUd SSVIN +d XIGNdddV 


60 





Ar 3 
wrt 
me 5 
ite 


oe 
“be 


, sag a OC ae 





j Cano A 


= f > 





oh 


a3 


T 
noltsre 


susTueyosy] uoTISNquioD ‘*T einbIj 





NOILNTIG YAZICIXO dO. AdYDAd HDIH 
HIIM UdAVT AUVONN OG INITAGUAL 
NI G4LVOOT ANVId NOISNddid 


NivdS Tand 





aa 


(YOLOVAY GIYYILS-TTIM 
V HOWOUddY AVIN) INOZ 
NOILVINOUIOIY LNT TINGYAL ATHDI 


NivdS TaNd 


kK < 


6] 








es! i393 Bes 
=e 


ities AYAM) 340% 
(ROTISAA CINAIT2- Lr 


_ ne 
a “ ail —- 
>a , A 
a - 
or < ” 
—————— en - a 
WAS IT 
SS 
embiosioaM folftetdnjoD 71 atu: 








Tepow jefwesi fo oljewaeyog *7 oinbty 


VY Va 








Z = UOnIPPY Sse ITEM aie 


eqn 
eZzuolg SNO1Og 


aAseTS eo 





(006 YOres psoeds - F) sje TU] 
HulmoTg TTeM. 


}eTUI dais 


anhht ih! 
TTT 


62 





isbere lsiner te ojisinedac . 





Figure 3. Ramjet Model Installed in Test Cell 





Figure 4. Ramjet Model with Pressure Probe Installed 
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h/D 
Krall and Sparrow - based on location of maximum heat transfer 
coefficient (axisymmetric flow) 
Abbott and Kline - note different reattachment point locations for 
each side of 2-D channel and spread-out zone 
PISTEP II results 
Boaz and Netzer results 
6>——o Present Investigation - no wall mass addition 


@——@ Present Investigation - with 10% wall mass addition 
showing spread-out region at h/D = .195 


Figure 24. Reattachment Point Data Comparison 
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Figure 25. Typical Reattachment Zone - Large Step 
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Figure 26. Typical Reattachment Zone - Small Step 
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Figure 27. "Zero Zone" Leading Edge of Flow Reattachment 
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